Abstract. In this paper, application of Endurance Time (ET) method in nonlinear seismic analysis of o shore pile supported systems has been studied. The ET method is a time-history analysis in which structures are subjected to intensifying arti cial acceleration functions. The ET method reduces complexity and computational demand of conventional nonlinear seismic analysis, and it provides response at di erent seismic levels in a single ET analysis. The aforementioned methodology has been applied to a typical model of single pile and then to a functional jacket o shore platform in Persian Gulf region. Seismic response of aforesaid models by ET method has been compared with conventional time-history method. The results indicate that ET method is reliable in capturing seismic response of o shore platforms supported on piles with an acceptable accuracy.
Introduction
The main objective of seismic design is to provide safe structures at reasonable cost. O shore platforms have been used in petroleum activity for decades, and these types of structures are considered as highly important in oil industry. Special e orts are required to operate them continuously over time for economic and environmental reasons. Therefore, it is necessary to pay special attention to the analysis of these types of structures. Current methods for seismic analysis of these structures have a number of problems such as being complex and time consuming. In this paper, the ET method on the o shore structures with deep foundation (pile), such as o shore platforms, has been investigated.
The most common o shore platforms, which are used in the oil industry, are Jacket-Type O shore Platform (JTOP) which consists of the jacket structure, pile foundation, and its supporting soil. During earthquakes, these components act with each other to produce the global response of the JTOP so that the shear waves propagate through di erent soil layers and lead to kinematic forces to the pile foundation; subsequently, the pile shaking induces inertial force in the jacket structure. Hence, the seismic response of structures with pile is strongly related to non-linear behavior of piles. The ET method, however, was investigated on simpli ed models of JTOPs regardless of their piles so far [1] .
Estekanchi et al. introduced the ET method [2] as a new seismic analysis method. The ET method has been applied in the linear and nonlinear seismic analyses of several structures which are built on soil such as steel frames [3, 4] , concrete gravity dams [5] , unanchored steel storage tanks [6] , steel liquid storage tanks [7] , and shell structures [8] . However, the reliability and level of accuracy of the method, in the case of pile supported structures, have not been examined. It is important to extend these studies to the area of pile supported structures such as jacket-type o shore structures, since the presence of di erent soil layers results in complex models with a special type of ground motion ltering e ects that is not common in other types of structures.
In this study, the ability of ET method in estimating seismic behavior of o shore structures supported with piles is investigated. First, the concept of ET method is explained. In addition to ET analysis, timehistory analysis is conducted for comparative analysis of the results obtained from the two methods. For this purpose, the authors selected two case studies: rst, a Single Pile (SP) was tested by the centrifuge at the University of California at Davis under an earthquake loading [9] ; second, a JTOP in the Persian Gulf. Afterwards, these structures with soil-pile-superstructure interaction have been modeled in Open System for Earthquake Engineering Simulation (OpenSees) [10] ; moreover, for non-linear one-dimensional site response analysis, DEEPSOIL [11] has been used.
Endurance time concept
The ET method is a dynamic analysis procedure which uses arti cial intensifying acceleration as the loading functions. By using this method, the entire range of excitation levels of interest can be covered in a single numerical or experimental simulation, thus signi cantly reducing the computational demand as compared to full nonlinear response-history analyses. ET analysis makes it easy to compare the improvements or disadvantages resulting from changes in the design parameters. Due to the dynamic nature of this method, structural modeling and loading on structure can be accomplished with an acceptable precision.
In the ET procedure, structures are subjected to a set of arti cial intensifying acceleration functions; for example, an ET acceleration function (ETA20en01) is shown in Figure 1 . These ET accelerograms are designed in a manner which has a linear relationship with intensity of acceleration and displacement response spectrum as shown in Eqs. (1) and (2):
S uT (T; t) = t t Target S ac (T ) T 2 4 2 ;
where S aT (T; t) represents target acceleration response at time t, T stands for the period of free vibration, S ac (T ) is designated as the template design acceleration spectrum, and S uT (T; t) is the target displacement response at time t. To obtain an ET Acceleration S aT (T; t) 2 + S u (T; t)
where F (a g ) represents the ETAF being sought, and stands for an optimization weighting parameter set to 1.0 in this study. Preliminary concepts of this method can be introduced by a hypothetical shaking table test in which there are three o shore platforms, and intensifying acceleration function of ET is applied to them. In the beginning, all three platforms are stable up to the 5th second; while intensity of excitation gradually increases, amplitude of structures becomes large as well due to the increasing demand for acceleration function. Eventually, platforms show non-linear behavior after elastic deformations. As shown in Figure 2 , platform number 1 is stronger than platform number 3, and number 3 is stronger than number 2. If the ETAF is scaled such that response spectrum in the 10th second is in accordance with ELE [12] event and the 15th second is in accordance with ALE [12] event, it can be concluded that platform number 3 is a suitable one; platform number 2 is weak, and platform number 1 is non-economic.
3. Model description 3.1. Single pile All experimental results related to SP model have been extracted from CSP4 experimental centrifuge test done by Wilson et al. (1997) [13] . All results in study of Wilson et al. (1997) [13] were in prototype units. SP was in a Flexible Shear Beam [14] , and soil pro le was composed of two horizontal layers. The lower layer was In CSP4 experiment, Kobe earthquake (1995) for Port Island Station, whose noises were removed and scaled to 0.055 g, was entered to centrifuge table. 
Numerical simulations 4.1. Pile-soil interaction
Regarding these models, BNWF was employed to consider nonlinear pile-soil interaction. In the BNWF model, movements around pile, where pile-soil interaction occurs, is called near-eld movement, and movements far from the pile are called far-eld or free-eld movement. We simulated far-eld movements by 1-D wave propagation analysis program for geotechnical response analysis of deep soil deposits (DEEPSOIL) [11] ; moreover, for near-eld movements, we simulated these movements by independent springs (p-y, t-z, and q-z) connected horizontally and vertically to pile elements. p-y springs indicate soil reaction Figure 5 . Pro le of median shear wave velocity for site of South Pars Gas eld in the vicinity of SPD2 location used in site response analyses [28] .
force versus lateral displacement response of pile in di erent layers; t-z springs consider the shear force transferred between the soil and the pile in various depths, and q-z springs provide end bearing resistance. The concept of dynamic BNWF model is shown in Figure 6 .
In addition, the dynamic model used for py elements in this paper is illustrated in Figure 7 . Displacement time history calculated by DEEPSOIL was applied to p-y element along the pile. The BNWF model can take the variation of soil properties with depth, nonlinear soil behavior, dissipating energy by hysteric damping for radiation damping [15] , and Figure 7 . Components of nonlinear p-y element [9] . gapping e ect [16] into account. Penzien et al. [17] , Kagawa and Kraft [18] , Nogami et al. [19] , Boulanger et al. [9] , and Naggar and Bentley [20] proposed several models of the BNWF. In this study, nonlinear p-y material with gapping capability (Figure 7 ), in addition to t-z and q-z materials, was modeled using the element described by Boulanger et al. (1999) [9] . The characteristics of these springs were estimated by employing recommendations in API RP-2A WSD [21] . 4 .2. Free-eld site response analysis 4.2.1. Single pile According to the recommendations of Boulanger et al. [9] , small-strain shear modulus G max of sand was calculated by Eq. (4), which was obtained by Seed and Idris [22] , and G max of clay was considered to be equal to G max =c u = 380:
where K 2;max = 65, 0 m = (1 + 2K 0 ) 0 vc =3, and K 0 = 0:6.
To obtain a precise match between numerical nonlinear model of deep soil deposit and experimental results, MRDF pressure-dependent hyperbolic model was used to nd the tting parameters [23] . Further- Figure 6 . A schematic concept of soil-pile-structure interaction dynamic BNWF model used in this research. more, for curve tting procedure, the MRDF-Darendeli was used. Considering the clay, Darendeli [24] target curves, and for the sand, Vucetic & Dobri [25] target curves for damping versus strain and G=G max versus strain were chosen.
Forty-nine layers of soil were considered for this model since the maximum frequency which can be propagated from thick layers of soil is small; moreover, using fewer numbers of layers (thicker layers) lters high frequency waves in low spectral accelerations [26] .
Besides, SP was in Flexible Shear Beam; hence, the total unit weight of the soil was increased for considering the lateral forces of the rings according to the suggestion of Van Laak et al. [27] Figure 5 , median shear wave velocity for South Pars Gas eld site in the vicinity of SPD2 location was used, which was calculated by Tabandeh [28] . Afterwards, the authors used pressuredependent hyperbolic model for soil column behavior of this model, and Darendeli's models [24] were selected to be the reference curves.
Structure modeling
Both SP and SPD2 were modeled in 2D; additionally, ber section (in combination with beam-column) was used for modeling.
For the JTOP, the initial errors of constructional o shore platform were accounted with value of 0.002 L. Moreover, all topside loads were applied to the main joints as equivalent point loads, and in this model, the added mass e ect was considered for hydrodynamic e ects [21] .
Comparison of numerical and experimental results for a single pile
The results of experimental centrifuge tests which were done by Wilson (1997) [13] , and nonlinear dynamic analyses performed for veri cation on numerical model of SP are shown in Figures 8 to 10 . All results of centrifuge tests were extracted from University of California at Davis website [29] . As can be seen in Figures 8 and 9 , there is acceptable agreement between recorded and calculated accelerations in both time history acceleration and S a in di erent soil layers, and this satisfactory agreement is observed in some parts of superstructure as well (Figure 10 ).
Comparison of acceleration response spectrums in ET analysis with those in conventional time-history analysis
Spectral response accelerations (S a ) of these models were calculated according to the simpli ed seismic action procedure of ISO 19901-2 [12] . SPD2 has exposure level of L2 and C r of 1.4 [30] , and because this JTOP is located in the South Pars region of Persian Gulf, it is in the site seismic zone of 3. It was assumed that SP belonged to a structure as important as SPD2 and was located in the same area; hence, SP had the same exposure level, C r , and seismic zone. Therefore, for both SP and SPD2, ALE and ELE S a related to ISO 19901-2 were identical (as shown in Figures 11 to 14) . Seven horizontal Ground Motion (GM) records were selected from PEER Ground Motion Databasea [31]; Table 1 shows the speci cations of these GMs. For scaling of these records, the method of ISO 19901-2 Code [12] was used. According to this method, standard GM is scaled so that scaled GM has the same S a with S a related to ISO in fundamental period (for SP 1.04 sec and for SPD2 1.93 sec); the scaling factors which were obtained by this method can be seen in Table 2 .
According to the ET methodology, the target time in the ETAF should be found so that the acceleration spectra of each ETAF until target time become compatible with the average spectrum of GMs between 0:2T n and 1:5T n . To calculate the time, we considered the linear relation between acceleration response spectrum and recorded length in the ET method. In the initial calculation, the target Figure 14 . ALE ARS of ISO 19901 code, average GM, and ETAF for SPD2.
time was obtained as short amount of time, which according to Mashayekhi and Estekanchi [32] , target time cannot satisfy e ective number of cycles in ET analysis. Thus, the ETAF was scaled by coe cient of 0.25; target times in which the ET spectrum had compatible area with ELE and ALE are displayed in Table 3 . The average of seven scaled records, the average of three ETAF, and S a related to ELE level for SP are shown in Figure 11 , and those for SPD2 are shown in Figure 13 . Aforementioned graphs related to the ALE level of SP are illustrated in Figure 12 , and those for SPD2 are shown in Figure 14 .
As shown in Figures 11 to 14 , ISO scaling method provides a reasonable match in range of 0:2T n to 1:5T n for these long period structures; moreover, the average of ETAFs has good match with the average of real GMs. According to this match, it is expected that the ET method can estimate the responses of these structures in di erent levels. Figure 15 . Average inter-story drift ratios of SP under GMs and ET accelerograms.
Results and discussion
For investigating the accuracy and proximity of the estimation in the ET method with the selected records, we compared the results of average ET analysis obtained from the ETA20en01-3 with those of structures subjected to the GMs mentioned in Table 1 . The behaviors of the SP and SPD2 were evaluated under GMs and ET acceloregrams, and responses are shown in Figures 15 and 16 . As shown in Figures 15 and 16 , the ET estimations of the response of structures with deep foundations are satisfactory. These gures indicate appropriate estimation of ET method with mean di erence of 10% and the max di erence of 20% compared to average results of GMs. It is noteworthy that the results of ET method are well within the range of average results of real earthquake records, considering a standard deviation. Moreover, this lack of exact match is partially caused due to the random nature of acceleration functions, and this is also true in the case of GMs.
The results of ET analysis are presented by Figure 16 . Average inter-story drift ratio of SPD2 under
GMs and ET accelerograms.
increasing ET curves where they are coordinated at each time value, t, corresponding to the maximum absolute value of the considered variables from t = 0 to the desired time. As a result of statistical characteristics of the ET analysis, the ET curves are usually serrated. To solve this problem, we used a moving average procedure to reduce the serrated nature of ET curves. To obtain the nal ET curves, the ET curves obtained from three acceleration functions were rst averaged; afterwards, the procedure of moving average was applied to serrated ET curves. Figure 17 shows the performance curve from the ET method for SP, where EDP is the drift ratio; moreover, Figures 18 to 21 illustrate the performance curve by the ET method for SPD2.
As mentioned earlier, one of the advantages of ET method is that it can show simpli ed results. Hence, we chose more than one EDP for the JTOP. Because the structure of platform is a pile-supported system, we used some EDPs considered for these features. The rst EDP was the maximum inter-level drift ratio by considering the pile, and the performance curve is shown in Figure 18 . The second EDP was the maximum pile drift ratio; this EDP occurred with a particular mechanism, where the height of drift is between two hinges: The rst hinge occurs at the depth where the rst plastic hinge forms due to the maximum moment. The second hinge occurs just below the rst level or at the mud line level. The performance curve of this EDP is shown in Figure 19 . The third EDP was the maximum drift ratio which is the max of two previously EDPs, and the performance curve is shown in Figure 20 . The fourth EDP which was only for pile is the maximum pile displacement performance curve, as shown in Figure 21 [33] .
As is obvious from Figures 18 to 21 , according to what is alluded to for the bene ts of ET method, ET method not only shows results in a simpler mode, but also facilitates comparison between the EDPs. In this case, the EDP of maximum pile displacement was dominant EDP within the EDPs because in this EDP, the increasing ET curve crossed ELE limit sooner than other EDPs.
Moreover, it can be concluded that this structure cannot satisfy ELE event since not only maximum pile displacement, but also other EDPs crossed ELE limit before equivalent time for ELE in the graphs. However, SPD2 ful lled ALE event because none of the increasing ET curves crossed ALE limit before equivalent time for ALE limit.
Conclusion
In this paper, we investigated application of ET method through nonlinear seismic analysis of o shore pile supported systems, and responses of these structures under grounds motions and ETAF were compared. The following conclusions can be drawn:
1. The drift ratios of ET analyses for both the single pile and the jacket-type o shore platform were compared well with those from GMs in these structures, and the results indicate a proper approximation of ET method compared to conventional time-history method; 2. Arti cial acceleration functions of ET method performed reliably in cases involving deep soils and pile supported structures in this study. ETAFs produced acceptable results compared to real ground motions while passing di erent soil layers; 3. Di erent EDPs for the JTOP were considered, and it is shown that ET method provides simpli ed presentation of multi-level seismic evaluation so that results can be compared in di erent EDPs conveniently; 4. In this study, due to the presence of piles, each record had to be applied at the bottom of the pile system, and pass through di erent layers of soil. This requirement heavily increases the computational demand required for conventional nonlinear time-history analysis. Inventors Association, and several other professional associations. His research interests include a broad area of topics in structural and earthquake engineering with a special focus on the design of tall buildings and industrial structures.
